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Ribosome-inactivating proteins (RIPs) are naturally occurring plant toxins that exhibit antiviral activity against a diverse
range of plant and animal viruses. Here, the action of dianthin, a potent RIP isolated from Dianthus caryophyllus, has been
exploited to engineer resistance to a plant DNA virus, African cassava mosaic virus (ACMV), in transgenic Nicotiana
benthamiana. To achieve this, dianthin has been expressed from the ACMV virion-sense promoter that is transactivated by
the product of viral gene AC2. This avoids the need for constitutive expression of the RIP, facilitating the regeneration of
phenotypically normal plants, and ensures transgene expression is localized to virus-infected cells. When challenged with
ACMV, transgenic plants produce atypical necrotic lesions on inoculated leaves, indicative of dianthin expression, viral DNA
accumulation is significantly reduced in these tissues, and plants exhibit attenuated systemic symptoms from which they
recover. This phenotype holds for isolates of ACMV but not for other geminiviruses, suggesting that AC2 homologues from
the latter are unable to efficiently transactivate the ACMV promoter. q 1996 Academic Press, Inc.
INTRODUCTION nously applied PAP (Chen et al., 1991) is the geminivirus
African cassava mosaic virus (ACMV). Geminiviruses are
Ribosome-inactivating proteins (RIPs) occur naturally important pathogens that collectively infect a wide range
in a variety of higher plant species, predominantly as of vegetable, fiber, and cereal crops, causing serious
catalytic single chains, and less frequently as heterodi- diseases worldwide (Efron et al., 1988; Brown and Bird,
meric toxins in which the catalytic chain (A-chain) is 1992; Brown, 1994). ACMV in particular causes high yield
joined to a cell surface-binding lectin (B-chain) with ga- losses in cassava (Manihot esculenta Crantz), a staple
lactose specificity (Lord et al., 1991; Stirpe et al., 1992). carbohydrate food source in Africa (Bock, 1983; Fauquet
RIPs function by catalytic depurination of a specific aden- and Fargette; 1990). Conventional breeding programs to
osine residue located near the 3* terminus of eukaryotic control ACMV by interspecific crosses with plants that
large ribosomal subunit rRNA, preventing EF-2/GTP bind- have natural resistance to the disease but limited agricul-
ing and thereby blocking peptidyl-tRNA translocation dur- tural value have been largely unsuccessful as all cassava
ing protein synthesis (Endo et al., 1987; Endo and Tsu- cultivars remain susceptible to infection (Hahn et al.,
rugi, 1987, 1988; Osborn and Hartley, 1990). Although the 1980). For this reason, attention has been given to con-
function of single chain RIPs is not known with certainty, temporary genetic engineering as an alternative means
their location in the cell wall or vacuole (Ready et al., to produce virus-resistant plants.
1986; Carzaniga et al., 1994) and their activity on conspe- Cytotoxic proteins may find wide application as thera-
cific ribosomes (Taylor and Irvin, 1990; Kataoka et al., peutic agents in the treatment of plant diseases as well
1992; Prestle et al., 1992; Bonness et al., 1994) has as animal virus diseases such as human immunodefi-
prompted suggestions that they could be released into ciency virus type 1 (HIV-1) (McGrath et al., 1989, Lee-
the cytosol during pathogen attack, causing local suicide Huang et al., 1990, 1991) and herpes simplex virus (Aron
and preventing replication of the pathogen. Indeed, RIPs and Irvin, 1980). To achieve an effective antiviral activity
such as pokeweed antiviral protein (PAP) and dianthin in animals, toxicity must be carefully controlled by conju-
exhibit antiviral activity against a broad range of plant gating the cytotoxin to a carrier, frequently an antibody,
viruses when applied exogenously to inoculated leaves in order to target specific cells or tissues (Stirpe et al.,
or when expressed constitutively in transgenic plants 1992). In plants, constitutively expressed RIPs frequently
(Chen et al., 1991; Lodge et al., 1993; Taylor et al., 1994). cause abnormal development of transgenic plants that
Among the viruses shown to be sensitive to exoge- could limit their effectiveness as antiviral agents (Lodge
et al., 1993; Lam et al., 1996). To circumvent this problem,
we have exploited the observation that virion-sense1 To whom correspondence and reprint requests should be ad-
dressed. Fax:(01603) 456844. E-mail:STANLEYJ@BBSRC.AC.UK. genes of ACMV and the related tomato golden mosaic
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FIG. 1. Construction of ACMV-inducible expression cassettes containing the dianthin (DIA) and b-glucuronidase (GUS) coding sequences cloned
between the ACMV DNA A virion-sense promoter (AV1Pro) and CaMV polyadenylation (poly(A)) sequences.
virus (TGMV) are transcriptionally transactivated by the TTTATTTAGTGGC and GAAGTGATGATCAAAGCACATC-
AGCTG, containing BspHI and BclI sites (underlined).complementary-sense gene AC2 (Sunter and Bisaro,
1991, 1992; Haley et al., 1992; Gro¨ning et al., 1994). It The BspHI site includes the initiation codon of the dian-
thin coding region and the BclI site contains the TGAis likely that transgenes controlled by the virion-sense
promoter will be expressed specifically in virus-infected termination codon. The BspHI/BclI dianthin fragment was
cloned downstream of the KpnI/NcoI virion-sense pro-cells, providing a mechanism for targeting RIP activity.
Here, we have investigated transgene expression from moter fragment in KpnI/BamHI-digested pJIT163 (Gueri-
neau et al., 1992) to produce pAV1Pro-DIA. For plantthe ACMV virion-sense promoter in transformed N. ben-
thamiana using the reporter gene b-glucuronidase (GUS) transformation, SstI/XhoI fragments from pKH166 (Hong
and Stanley, 1995) (referred to here as pGUS) and pAV1-and have studied the effect of transactivation of a dian-
thin transgene on virus infection. Pro-GUS, and SstI/EcoRV fragments from pAV1Pro and
pAV1Pro-DIA were cloned into pBin19 (Bevan, 1984). The
integrity of PCR products was confirmed by sequenceMATERIALS AND METHODS
analysis using a T7 sequencing kit (Pharmacia).
Clone construction
Maintenance and transformation of plants
Constructs used to transform plants are shown in Fig.
1. A fragment encompassing the ACMV DNA A virion- Clones were mobilized into Agrobacterium tumefa-
sense promoter was PCR-amplified from pJS092 (Stanley, ciens LBA4404 (Hoekema et al., 1983) by triparental mat-
1983) using the primer combination CAATTGGgtACc- ing (Ditta et al., 1980). N. benthamiana was transformed
CTCAACTAG (nucleotides 2769 – 2779/1-9) and CTT- by a leaf disc procedure (Horsch et al., 1985; Horsch and
CGcCATggTTACGAGCC (nucleotides 454– 435). Lower Klee, 1986) and transformants were selected for resis-
case letters indicate nucleotide changes introduced to tance to 0.1 mg/ml kanamycin. Following self-fertilization,
create KpnI and NcoI sites (underlined). The NcoI site F1 and F2 progenies were tested for antibiotic sensitivity
includes the initiation codon of the coat protein coding by germinating seeds on 0.5 mg/ml kanamycin. Transfor-
sequence. The KpnI/NcoI fragment was cloned into mation was verified by PCR amplification of integrated
pJIT166 (Guerineau et al., 1992) after removal of the cauli- sequences and Southern blot analysis (data not shown).
flower mosaic virus (CaMV) tandem 35S promoter se- Transgenic plants were maintained in accordance with
quence (35S) from the latter by digestion with KpnI and the requirements of the Advisory Committee on Genetic
NcoI, to produce the expression cassette pAV1Pro-GUS. Manipulation, in an insect-free glasshouse at 257 (re-
The NcoI site in pJIT166 includes the GUS initiation co- duced to 207 at night) with supplementary lighting to give
don. Plasmid pAV1Pro was constructed by removal of a 16-hr photoperiod.
the SmaI fragment containing the GUS coding sequence
from pAV1Pro-GUS. A fragment encompassing the dian- Virus infection of plants and leaf discs
thin 30 coding sequence including the N-terminal 23
amino acid signal peptide (Legname et al., 1991) was Viruses were introduced into homozygous F2
transgenic plants by mechanical inoculation onto celite-PCR-amplified from a cloned copy of the gene (clone
ppDia/pGem) using the primers GGGAATCATGAAGA- dusted expanding leaves, using either cloned compo-
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nents of Kenya and Nigeria isolates of ACMV (Stanley,
1983; Stanley et al., 1985) or sap infected with these two
ACMV isolates or TGMV (von Arnim and Stanley, 1992).
Alternatively, viruses were introduced by agroinoculation
of ACMV (Kenya isolate) (Klinkenberg et al., 1989), TGMV
(von Arnim and Stanley, 1992), abutilon mosaic virus
(AbMV) (Frischmuth et al., 1993), beet curly top virus
(BCTV) (Briddon et al., 1989), and ageratum yellow vein
virus (AYVV) (Tan et al., 1995). The ability of ACMV and
TGMV to replicate in N. benthamiana leaf discs was in-
vestigated by agroinoculation of either wild-type genomic
components (Klinkenberg et al., 1989; von Arnim and
Stanley, 1992), ACMV coat protein mutants (AV1-1 and
AV1-2, formerly CPD11 and CPD13, respectively; Klin-
FIG. 2. Western blot analysis of coat protein expression in N. ben-kenberg et al., 1989), or AC2 mutants (AC2-1 and AC2- thamiana leaf discs infected with ACMV mutants. Leaf discs were
2; Etessami et al., 1991; Saunders and Stanley, 1995). agroinoculated with ACMV DNA A (AA) and combinations of coat pro-
Viruses were held and manipulated under MAFF license tein (AV1-1 and AV1-2) and AC2 (AC2-1 and AC2-2) mutants. Leaf discs
were harvested 7 days after transfer to selective medium (2 days postin-numbers PHF 1185A/68(21) and PHF 1185B/17(111) un-
oculation). The blot was probed using polyclonal antiserum raisedder the Plant Pests (Great Britain) Order 1980.
against purified ACMV. The positions of size markers (kDa) are indi-
cated.
Analysis of infected tissue
Total nucleic acids were extracted from inoculated
sion of both genes (Townsend et al., 1985). For ACMV,leaves or leaf discs as described by Covey and Hull
virion-sense promoter activity has been shown to be(1981). Aliquots (5 mg) were analyzed by 1.4% agarose
transactivated by AC2 (Haley et al., 1992), although nogel electrophoresis in TNE buffer (40 mM Tris – acetate,
distinction was made between coat protein and AV2 ex-20 mM Na acetate, 2 mM EDTA, pH 7.5) and blot hybrid-
pression. To investigate virion-sense expression in moreization, using 32P-labeled probes specific to ACMV and
detail, N. benthamiana leaf discs were inoculated withTGMV genomic components (Saunders and Stanley,
combinations of mutants containing either deletions1995). Viral DNA levels were estimated by absorbance
within the coat protein gene (mutants AV1-1 and AV1-2)scanning of autoradiographs using a Chromoscan 3
or stop codons within the AC2 coding sequence (mutants(Joyce Loebl). ACMV coat protein was detected by immu-
AC2-1 and AC2-2). Alone, none of the mutants synthe-noblot analysis of leaf disc extracts using a polyclonal
sized detectable amounts of coat protein (Fig. 2). How-antiserum raised against purified ACMV as described by
ever, coat protein expression was detected when coatStanley and Townsend (1986).
protein and AC2 mutants were coinoculated. Southern
blot analysis of viral DNAs verified that all mutants repli-Determination of GUS activity
cated under these conditions and that coat protein ex-
GUS activity was determined using a GUS-Light re- pression resulted from mutant complementation rather
porter gene assay (Tropix). Protein concentration was than from intermolecular recombination to restore the
estimated using a Bio-Rad protein assay kit based on wild-type genomic component (data not shown). The re-
the method of Bradford (1976). duction in levels of coat protein expression from the com-
plementing mutants in comparison with expression from
RESULTS wild-type DNA A (AA) presumably reflects the need for
coinfection of cells with both types of mutant. Our resultsTransactivation of ACMV coat protein expression
extend those of Haley et al. (1992) by demonstrating that
TGMV DNA A has a single virion-sense gene (coat coat protein expression is transactivated by AC2. On the
protein) that is transactivated by its AC2 homologue basis of these results, we decided to replace the coding
(Sunter and Bisaro, 1991, 1992; Gro¨ning et al., 1994). In sequence of the coat protein with that of the GUS reporter
contrast, ACMV DNA A has two overlapping genes that gene for the analysis of transgene expression from the
encode the coat protein (Townsend et al., 1985) and a virion-sense promoter.
protein of unknown function (AV2), neither of which is
essential for systemic infection of N. benthamiana (Stan- Transactivation of the virion-sense promoter in
ley and Townsend, 1986; Etessami et al., 1989). An abun- transgenic plants
dant virion-sense transcript has been mapped immedi-
ately upstream of the AV2 coding region, suggesting that GUS coding sequences were cloned downstream of
a region of ACMV DNA A that encompasses the virion-it might function as a dicistronic message for the expres-
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TABLE 1 of GUS expression between individual plants of a partic-
ular line. On this occasion, however, Southern blot anal-GUS Expression in Healthy and ACMV-Infected
ysis of extracts of the same infected leaves of line 1071Transgenic N. benthamiana
from which the data of Table 1 were derived revealed
GUS activity (RLU/mg protein)a only a maximum twofold variation in viral DNA levels
(data not shown), implying that expression must be influ-
Line Healthy Infected enced by additional factors. Nonetheless, our results
demonstrate that transactivation of expression of a re-1027 (pGUS) 55.7 104.0
62.9 39.8 porter gene fused in-frame to the coat protein initiation
57.0 106.3 codon can occur when the ACMV virion-sense promoter
39.3 49.6 is integrated into the plant genome.
1071 (pAV1Pro-GUS) 1536.6 152849.0
1158.5 10236.9
1337.5 6805.8 Virus-induced dianthin expression reduces ACMV
2234.4 10432.3 systemic infection
1091 (pAV1Pro-GUS) 1148.4 9562.8
920.9 29340.8 N. benthamiana was transformed with either pAV1-
1517.2 8181.7
Pro-DIA, a construct that closely resembles pAV1Pro-797.6 6435.7
GUS, except that the reporter gene coding sequence1093 (pAV1Pro-GUS) 754.1 1576.1
995.7 1947.9 has been replaced with that of dianthin, or pAV1Pro,
4123.9 499.9 containing neither coding sequence (Fig. 1). Three in-
829.4 751.9 dependent lines (1030, 1081, and 1088) containing sin-
2003 (pAV1Pro-GUS) 845.4 1888.9
gle copy inserts of the AV1Pro-DIA transgene and one352.9 1702.8
line (1032) containing a single copy insert of AV1-Pro315.8 1144.7
284.3 8689.9 were produced, and all showed normal growth and de-
velopment. When challenged with ACMV by mechani-
a GUS activity has been estimated from four individual healthy or cal inoculation of cloned genomic components or in-
infected plants of each line.
fected sap, all lines transformed with AV1Pro-DIA pro-
duced discrete necrotic lesions on the inoculated
leaves within 2 to 3 days, contrasting with the diffusesense promoter (AV1Pro), such that the reporter gene
translational start replaced that of the coat protein (pAV- chlorotic lesions normally associated with infection that
appeared after approximately 1 week (Fig. 3). It was1Pro-GUS; Fig. 1). GUS expression from four indepen-
dent N. benthamiana plant lines transformed with pAV1- noticeable that the number of necrotic lesions far ex-
ceeded the number of chlorotic lesions (typical exam-Pro-GUS (1071, 1091, and 2003 containing single cop-
ies, and 1093 containing two copies of the transgene) ples are shown in Fig. 3). No necrotic lesions occurred
on mock-inoculated leaves.was compared with expression from a plant line (1027)
transformed with a single copy of the control construct Line 1030 was arbitrarily selected for further investiga-
tion. Mechanical inoculation of cloned genomic compo-lacking the viral promoter (pGUS; Fig. 1). A low level of
constitutive expression was detected in all four lines nents of Kenya and Nigeria isolates of ACMV resulted in
fewer plants becoming infected, the majority of whichtransformed with pAV1Pro-GUS that was significantly
above the level in the control plants (Table 1). All had symptoms confined to the inoculated leaves (Table
2). When systemic infection occurred, symptoms weretransgenic lines were equally susceptible to ACMV in-
fection and developed symptoms of wild-type severity mild and not at all typical of ACMV. On these occasions,
localized necrosis occurred very sporadically in stemswhen challenged by agroinoculation (data not shown).
Although GUS expression in systemically infected and petioles, eventually causing the loss of affected
leaves although plants otherwise developed normally.leaves varied considerably between different plant lines
as well as between plants of the same line, it showed Mechanical inoculation of sap infected with Kenya and
Nigeria isolates or agroinoculation of cloned genomica general increase in lines 1071, 1091, and 2003 (but
not in line 1093) in comparison with healthy plants. In components of the Kenya isolate resulted in all plants
becoming systemically infected, although they still devel-contrast, GUS expression in infected control line 1027
remained at a low level comparable with that in healthy oped only mild necrotic symptoms. In contrast, the major-
ity of control plants transformed with AV1Pro becameplants. For the purpose of these experiments, systemi-
cally infected leaves showing comparable severity of infected when challenged with the ACMV isolates, and
all infected plants developed typical wild-type symptomssymptoms were sampled. While symptom severity is
loosely correlated with virus levels (Stanley et al., 1990), of severe stunting, leaf curl, and chlorosis (Table 2). The
results are consistent with the premise that closely re-individual leaves can vary considerably in their virus
content, which could account for the large fluctuations lated ACMV isolates can transactivate virion-sense pro-
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FIG. 3. Symptoms of ACMV infection on inoculated leaves of transgenic N. benthamiana plants. Leaves from plants transformed with AV1Pro-
DIA (left) and AV1Pro (right) were photographed 7 days postinoculation.
moter activity and that induced dianthin expression dis- whether the AV1Pro or AV1Pro-DIA transgene was present.
Plants containing the AV1Pro-DIA transgene did not pro-rupts virus infection.
duce necrotic lesions on the inoculated leaves when me-
chanically inoculated with TGMV. Hence, dianthin expres-Virus-induced resistance is confined to ACMV
isolates sion is either not induced or induced at levels that are too
low to prevent systemic infection and cause tissue necrosis.
Plants were challenged with the geminiviruses TGMV,
ACMV DNA accumulation is reduced in transgenicAbMV, AYVV, and BCTV using either mechanical inoculation
plants expressing dianthinof infected sap (TGMV only) or agroinoculation (Table 2). The
majority of plants became infected, and all plants developed Although ACMV-infected N. benthamiana showing
mild symptoms accumulate less virus than severely af-wild-type symptoms typical of the virus regardless of
TABLE 2
Infectivity of Geminiviruses and Symptom Production in Control and Transgenic N. benthamiana
AV1Pro-DIA
Symptomsb
AV1Pro
Virus Inoculum infectivitya Infectivity Local Mild Severe
ACMV (Kenya) Cloned DNA 46/47 50/61 37 13
Sap 16/16 16/16 16
Agroinoculation 12/12 16/16 N/A 16
ACMV (Nigeria) Cloned DNA 11/12 1/18 1
Sap 6/6 6/6 6
TGMV Sap 10/10 11/14 11
Agroinoculation 6/6 6/6 N/A 6
AbMV Agroinoculation 6/6 6/6 N/A 6
AYVV Agroinoculation 6/6 6/6 N/A 6
BCTV Agroinoculation 6/6 6/6 N/A 6
a Symptoms in AV1Pro transgenic plants (line 1032) were invariably severe and typical of the inoculated virus.
b Symptoms in AV1Pro-DIA transgenic plants (line 1030) were either necrotic lesions confined to the inoculated leaves (local), necrotic lesions
on inoculated leaves and mild systemic necrosis (mild), or were indistinguishable from those induced in the AV1Pro control plants (severe). N/A,
not applicable.
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occurred in tissues transformed with AV1Pro-DIA after
this period.
DISCUSSION
When applied exogenously, RIPS such as dianthin,
used in this study, and PAP are highly effective in inhib-
iting infection by a diverse range of plant viruses (Chen
et al., 1991, 1993; Lodge et al., 1993). Furthermore, consti-
tutive RIP expression from the CaMV 35S promoter has
been shown to inhibit potato virus X, potato virus Y, cu-
cumber mosaic virus, and turnip mosaic virus infectionFIG. 4. Southern blot analysis of ACMV DNA replication in inoculated
in transgenic tobacco and potato (Lodge et al., 1993;leaves of plants transformed with AV1Pro (control, C) and AV1Pro-DIA
(D). Leaves were harvested up to 9 days postinoculation, as indicated. Lam et al., 1996). On these occasions, low transformation
The positions of single-stranded (ss) and supercoiled (sc) forms of efficiencies and the production of abnormal plants sug-
DNA A (A) and DNA B (B) are indicated. Residual viral scDNA from the gested that selection for low expression of PAP had oc-
inoculum is visible in extracts of leaves harvested immediately after
curred during plant regeneration in order to circumventinoculation.
its high cytotoxicity. To avoid the need for constitutive
expression of such potent inhibitors of translation, we
fected plants (Stanley et al., 1990), it can be misleading have developed a novel system for specifically express-
to use viral DNA levels in systemically infected tissues as ing a dianthin transgene in ACMV-infected cells using a
a quantitative indicator of infection, particularly in plants promoter that is transactivated by the product of viral
showing only sporadic foci of infection. To investigate gene AC2. We have found that plants containing the
virus accumulation in transgenic plants, single leaves transgene are less susceptible to virus infection and ac-
of individual plants were mechanically inoculated with cumulate only low levels of viral DNA. Consequently,
infected sap, removed at various times over a 9 day systemic symptoms are invariably mild, and plants toler-
period and analyzed for viral DNA levels (Fig. 4). Typical ate infection and recover. Our results using a GUS
single-stranded and supercoiled DNA forms of both transgene suggest that a low level of constitutive expres-
ACMV genomic components were detected as early as sion of the reporter gene can occur from the viral pro-
1 day postinoculation and accumulated steadily in con- moter. However, we have been unable to detect a dian-
trol line 1032. In plants transformed with AV1Pro-DIA (line thin-specific transcript in healthy transgenic plants (data
1030), viral DNAs were first detected 2 days postinocula- not shown) and plants developed normally, suggesting
tion, they accumulated relatively slowly during the next that constitutive expression is very low or absent. N.
2 days, and subsequently decreased to almost undetect- benthamiana has been shown to tolerate a certain level
able levels. Necrotic lesions first appeared on these of constitutive PAP expression (Lodge et al., 1993), and
leaves 3 days postinoculation. Control plants developed it is possible that the transgenic plants remain unaffected
severe symptoms even when the inoculated leaves were
removed 2 days after inoculation, indicating that the virus
had spread from the initially infected cells by this time. In
contrast, systemic symptoms failed to develop in plants
transformed with AV1Pro-DIA when inoculated leaves
were removed up to 7 days after inoculation, implying
that virus proliferation had been seriously compromised
in such tissues.
In a second series of experiments, the accumulation of
ACMV and TGMV was compared using leaf discs derived
from transgenic plants (Fig. 5). Under these conditions,
ACMV DNA forms of both genomic components accumu-
lated over a 7-day period in leaf discs derived from both
the control line and from plants transformed with AV1Pro-
FIG. 5. Southern blot analysis of ACMV and TGMV DNA replicationDIA. However, the level of viral DNA accumulation was
in transgenic N. benthamiana leaf discs. Leaf discs from plants trans-significantly reduced in the latter, eventually reaching
formed with AV1Pro (control, C) and AV1Pro-DIA (D) were agroinocu-only approximately 5% of the level in the control. In con-
lated with either ACMV or TGMV and harvested up to 7 days after
trast, TGMV DNA components accumulated to compara- transfer to selective medium (2 days postinoculation). The positions of
ble levels in both sets of leaf discs over the first 3 days, single-stranded (ss) and supercoiled (sc) forms of DNA A (A) and DNA
B (B) are indicated.although a small but reproducible reduction in levels
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by low levels of constitutively expressed dianthin if the graphic locations (Kenya and Nigeria), suggesting that
this approach may provide protection against many, iflatter can be effectively targeted to a compartment from
which it is unable to enter the cytosol. We have also not all, isolates of ACMV. It has previously been shown
that ACMV defective interfering (DI) DNA reduces thebeen unable to detect a dianthin-specific transcript in
ACMV-infected tissues (data not shown), presumably be- accumulation of genomic components when mobilized
from integrated copies, resulting in ameliorated symp-cause expression of the RIP leads to rapid necrosis and,
hence, RNA degradation. However, there are several rea- toms in transgenic N. benthamiana (Stanley et al., 1990;
Frischmuth and Stanley, 1991). Protection was again con-sons to suggest that the observed resistance must be a
consequence of dianthin expression. First, it is unlikely fined to isolates of ACMV, on this occasion due to the
requirement for trans-replication of the DI DNA. Boththat integrated ACMV sequences per se contribute to
resistance because control plants transformed with the strategies greatly reduce ACMV infection of N. benthami-
ana, a highly susceptible host, but their effectivenessAV1Pro promoter alone remain highly susceptible to in-
fection. Second, plants show resistance to ACMV iso- against whitefly transmission of the virus to cassava re-
mains to be tested and awaits the development of alates but remain susceptible to several other geminivi-
ruses, including TGMV. This is consistent with the obser- suitable procedure for the transformation and regenera-
tion of this recalcitrant plant species.vation that, although the TGMV homologue of AC2
transactivates expression from the ACMV virion-sense A recent study has shown that ACMV AC2 was able
to efficiently transactivate TGMV virion-sense expressionpromoter in planta, it appears to do so much less effi-
ciently than ACMV AC2 (Saunders and Stanley, 1995). in tobacco protoplasts (Sunter et al., 1994), suggesting
that the TGMV promoter might be more promiscuous inIt is possible that the slight reduction in TGMV DNA
accumulation that we observed in leaf discs containing its ability to interact with heterologous AC2. If this is the
case, RIP expression from the TGMV promoter mightthe AV1Pro-DIA transgene (Fig. 5) may result from a low
level of transactivation. Such specificity implies that vi- provide a broader spectrum of resistance. As a further
development, identification of cis-acting motifs involvedrus-induced expression of dianthin rather than a low level
of constitutive expression is responsible for the observed in AC2 transactivation in these and other group members
could facilitate the design of novel promoters that areresistance. Third, and most importantly, the occurrence
of necrotic lesions on the inoculated leaves and necrotic recognized by a wide range of geminiviruses.
systemically infected tissues represents a completely
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